Background: The Memorial Sloan Kettering Cancer Center (MSK) colon cancer recurrence nomogram is a risk calculator that provides patients and clinicians with individualized prediction of recurrence following curative resection of colon cancer. Although validated on multiple separate cohorts, the nomogram requires periodic updating as patient care changes over time. The aim of this study was to evaluate the nomogram's accuracy in a contemporary cohort and modify the tool to reflect improvements in outcome related to advances in colon cancer therapy. Methods: A contemporary patient cohort was compiled, including consecutive colon cancer patients undergoing curative resection for stage I-III colon adenocarcinoma at MSK from 2007 to 2014. The nomogram's predictive accuracy was assessed by concordance index and calibration plots of predicted vs actual freedom from recurrence at 5 years after surgery. Results: Data from a total of 999 eligible patients with complete records were used for validation. Median follow-up among survivors was 37 months. The concordance index was 0.756 (95% confidence interval ¼ 0.707 to 0.805), indicating continued discriminating power, but the calibration plot revealed that the nomogram overestimated recurrence risk. Recalibration of the nomogram by estimating a new baseline freedom-from-recurrence function restored the nomogram's accuracy. Conclusion: The updated nomogram retains the original nomogram's variables but includes a lower baseline estimation of recurrence risk, reflecting improvements in outcomes for all stages of colon cancer, likely resulting from advances in imaging and integration of multiple treatment modalities.
Nomograms provide better predictive accuracy of outcomes, enabling individualized treatment and planning of postoperative surveillance and refining the design of clinical trials (3) . One such model is the Memorial Sloan Kettering Cancer Center (MSK) colon cancer recurrence nomogram (published in 2008), which allows clinicians to more precisely predict an individual's risk of colon cancer recurrence following curative resection (4) . Based on a single-institutional cohort treated from 1990 to 2000, the nomogram estimates 5-year and 10-year freedom from recurrence (FFR) by integrating information on nine clinicopathologic features including age, tumor size, preoperative carcinoembryonic antigen, use of adjuvant chemotherapy, and several indicators of tumor invasiveness and spread. The nomogram was intended for easy adoption in clinical practice because it was based on commonly measured variables and is available online (https://www.mskcc.org/ nomograms/colorectal). The nomogram was externally validated in cohorts from Australia (2000-2005, n ¼ 134), the United Kingdom (1998) (1999) (2000) (2001) (2002) (2003) , n ¼ 138), and China (1996-2008, n ¼ 985), confirming its broad applicability (5) (6) (7) .
Throughout the past decade, the management of colon cancer has advanced in terms of clinical staging, surgery, and adjuvant chemotherapy. High-quality imaging, including routine use of 64-slice, contrast-enhanced, helical computed tomography and magnetic resonance imaging, has improved staging by preoperative identification of small metastatic deposits (8) . Adoption of a standardized, anatomically based surgical technique has increased the thoroughness of tumor resection and lymphadenectomy (9) (10) (11) (12) . Following prospective randomized trials demonstrating improved outcome, oxaliplatin-based adjuvant chemotherapy became standard for stage III colon cancer in 2004 (13) . A better understanding of stage II risk factors has also led to an expanded use of chemotherapy in node-negative patients (14) .
Considering the evolution of colon cancer care, the aim of this study was to assess the validity of the MSK colon cancer recurrence nomogram for a contemporary cohort and update the model to ensure continued predictive accuracy.
Methods

Patient Cohort
After approval from the institutional review board, prospectively maintained institutional databases were queried for patients undergoing curative resection for stage I, II, or III colon adenocarcinoma from 2007 through the end of 2014. All lesions were located from the cecum to the rectosigmoid (>12 cm from the anal verge). Exclusion criteria included history of treatment for malignant tumors within the last 5 years, recurrence prior to surgery, residual tumor following surgery, metastatic disease, and preoperative chemotherapy or radiotherapy.
Demographics, clinicopathologic variables, and follow-up were retrieved and manually reviewed via the electronic medical record, similarly to the development of the original nomogram.
Staging, Surgical Procedure, and Surveillance Protocol
Preoperative staging included contrast-enhanced computed tomography (CT) of the chest, abdomen, and pelvis and colonoscopy. Resection method was complete mesocolic excision with central vascular ligation, performed by specialized colorectal surgeons (9) . Surgical approach (open, laparoscopic, or robotic) was determined at the surgeon's discretion. Adjuvant chemotherapy was administered and surveillance performed in accordance with national guidelines (14) . Surveillance included physical examination, interval history, and serum carcinoembryonic antigen testing at 3-to 6-month intervals for the first 3 years and then at 6-month intervals thereafter for a total of 5 years. Imaging, most frequently CT of the chest, abdomen, and pelvis with oral and intravenous contrast, was performed at least annually. Colonoscopy was typically performed at 1 year after surgery and then repeated every 3-5 years based on endoscopic findings. Recurrence was determined based on radiographic evidence (with or without biopsy), colonoscopy, and serum carcinoembryonic antigen.
Nomogram Concordance and Calibration
Recurrence-free time was defined from the date of surgery until the date of recurrence or last follow-up, and patients without recurrence were censored at last follow-up. The risk score (ie, linear predictor) based on the existing nomogram was calculated for each patient in the current dataset. Predictive accuracy was assessed by concordance index (15) , which represents the probability that given two randomly selected patients, the patient who recurred first had a higher predicted probability of recurrence. Values are interpreted similarly to the area under the receiver operating characteristics curve, with 0.5 equaling random chance and 1.0 representing correct predictions for all patients (16) . The nomogram was calibrated by plotting the nomogram-predicted recurrence-free probability vs actual recurrence-free rates based on Kaplan-Meier estimates.
Recalibration
The nomogram was recalibrated by refitting the nomogram model on the contemporary dataset and estimating a new baseline recurrence-free probability function at 5 years while keeping the linear predictor unchanged (17) . The new 5-year predicted probability was verified by comparison with observed Kaplan-Meier estimates in a new calibration plot.
Other Statistical Analysis
Characteristics of patients in the 1990-2000 and 2007-2016 cohorts were compared using the Mann-Whitney U and v 2 tests for continuous and categorical variables, respectively. Recurrence-free time was estimated by Kaplan-Meier method and the statistical significance of between-group differences was assessed by log-rank test. All statistical analyses were performed using SAS version 9.4 (SAS Institute Inc, Cary, NC) and R version 3.2.4 (www.R-project.org). All tests were two sided, and P values less than .05 were considered statistically significant.
Results
The A complete set of data required for nomogram validation was available in 999 of the 1095 patients in the 2007-2014 dataset (Supplementary Table 2 , available online). FFR in the validation cohort was similar to that in the entire cohort (Supplementary Table 3 , available online); 113 had recurrence and 16 died without recurrence. The concordance index of the nomogram for predicting 5-year FFR in the contemporary dataset was 0.756 (95% CI ¼ 0.707 to 0.805), indicating good discriminating power to distinguish risk of recurrence among patients in the cohort (18, 19) . Although the concordance index was high, the calibration curve comparing actual with nomogram-predicted 5-year FFR demonstrated that the nomogram overestimated the risk of recurrence at all risk levels in the 2007-2014 cohort ( Figure 3A) . We adjusted the nomogram by estimating a new baseline FFR function using the current data but keeping the same linear predictors (Figure 4 ). After recalibration, the nomogram accurately predicted 5-year FFR ( Figure 3B ).
Discussion
We have updated the MSK nomogram for predicting recurrence of colon cancer after complete resection using data from a contemporary cohort of patients. Because the original nomogram remained prognostic based on concordance index but overestimated the risk of recurrence, we recalibrated by decreasing the baseline recurrence risk function.
The improvement in outcomes we observed relative to the 1990-2000 period likely results from multiple advances. Enhanced imaging capable of identifying small metastatic deposits improves the accuracy of staging for advanced disease. Multidetector helical CT increased the sensitivity of CT for detecting liver metastasis, from 62%-74% in the 1990s using nonhelical CT (20) (21) (22) to 80%-90% (23-25) . The addition of liver magnetic resonance imaging to evaluate questionable lesions seen on CT further improves the sensitivity to 95%-97% (23, 26) , which is particularly helpful for evaluating subcentimeter lesions (27) .
Another likely factor contributing to improved outcome is adoption of complete mesocolic excision with central vascular ligation. As described by Hohenberger et al. (9) , the procedure is an anatomic-based resection of tumor and locoregional lymphatic drainage that does not breach the visceral fascia, avoiding tumor spread within the peritoneal cavity and ensuring complete lymphadenectomy (28) . The Erlangen group reported complete mesocolic excision to be most beneficial for stage III patients, improving 5-year cancer-related survival from 61.7% to 80.9% (29) . This is consistent with the present study in that absolute improvement was the most evident in the highest-risk patients. Nonetheless, the Danish Colorectal Cancer Group found that mesocolic excision was independently associated with improved outcome irrespective of stage (10) .
A third potential factor is increased lymph node yield, from a median of 14 in 1990-2000 to 22 in 2007-2014, related to increased adoption of more radical lymphadenectomy associated with complete mesocolic excision as well as increased lymph node harvest by pathologists (12, 30) . Evaluating more lymph nodes increases the likelihood of detecting nodal metastases (31) and may partially explain the higher proportion of stage III patients in the current cohort (35% vs 29% in the 1990-2000 dataset; P ¼ .001). More accurate detection of metastatic lymph nodes also likely resulted in some stage migration from II and III and therefore higher Finally, the increase in the proportion of patients with stage II disease receiving adjuvant chemotherapy (from 14% to 25%) may have improved outcomes, although its benefit for these patients is controversial. This change likely reflects increased identification of high-risk features such as lymphovascular invasion and perineural invasion; assessment of these features has become standard since 2000 (30) . Both the QUASAR study and a large meta-analysis found only small reductions in recurrence in stage II patients treated with adjuvant chemotherapy (33,34) . An important advantage of nomograms over AJCC staging is that they predict risk along a continuous scale rather than through categories. Despite expansion in the number of AJCC substages to 10 in the current eighth edition, heterogeneity still remains within each substage, as demonstrated by a histogram of estimated risk of recurrence by stage (Supplementary Figure 1, available online) . Further, the order of AJCC substages does not correspond to relative risk; patients with stage IIIA colon cancer have better outcomes than those with IIB ( Figure 1) (35) . The nomogram's more precise prediction of outcomes can help improve treatment decision making in clinical practice.
The risk recurrence calculator updated herein meets all methodological criteria outlined by the AJCC Precision Medicine Core (36) . This is especially notable given that the majority of prognostic tools in colorectal cancer were shown in a recent review to be methodologically deficient (3). Another highly rated tool predicts recurrence in stage III patients and is based on the Adjuvant Colon Cancer End Points (ACCENT) database (37) . We compared the concordance index of our nomogram to that of the ACCENT calculator using data from the current cohort. Although evaluated in a small number of patients, the nomograms had similar concordance indices (0.693 for ACCENT, 95% CI ¼ 0.623 to 0.763; and 0.674 for MSK, 95% CI ¼ 0.609 to 0.740) (Supplementary Table 4 , available online).
The strengths of our study include the relatively large cohort of patients who underwent a standardized resection procedure. Other strengths include comprehensive histologic assessment by specialized pathologists and the availability of granular clinical and demographic information, including use of chemotherapy. However, the study is subject to the selection bias inherent in observational retrospective studies. Risk models developed in a specialty institution have the potential of limited applicability. However, the MSK Colon Cancer Recurrence Nomogram has been previously validated in a diverse set of cohorts (5-7) and likely remains generalizable. Assessing the model's performance based on the calibration plot may be overly optimistic, as the same data were used to estimate the new baseline recurrence-free probability function. Further external validation of the recalibrated nomogram with contemporary data (including patients aged older than 75 years) is needed.
In summary, evaluating the MSK recurrence nomogram using a contemporary dataset demonstrated continued discriminating power and allowed an update to the baseline recurrence function. Improvements in outcome are encouraging and likely reflect advancements along the spectrum of care including staging, surgery, and adjuvant chemotherapy. As staging moves to prognostic models and risk calculators rather than classifiers and ordered risk strata (1, 3, 36) , periodic updates are required to maintain predictive accuracy and model validity. 
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